bedding, and carpet underlay. The forecast for global FPF production in 2010 was almost 6 million tonnes (Urethanes Technology International, 2006) . FPF is produced by the reaction of a diisocyanate with a polyhydroxy alcohol (polyol) along with catalysts and blowing agents.
The predominant diisocyanate used in production of FPF is toluene diisocyanate (TDI). Overexposure to TDI can lead to respiratory sensitization, and in some cases sensitized individuals can experience severe asthma-like attacks whenever they are subsequently exposed to even minute amounts of TDI vapor (Karol, 1986; Klees and Ott, 1999; Ott, 2002; Redlich et al., 2007) . Because of the sensitization potential of TDI, concerns have been raised about potential consumer exposure to TDI from residual 'free TDI' in FPF products (Krone et al., 2003; Krone, 2004) . Residual levels of TDI in freshly produced FPF would be expected, but will be reduced to very low levels after the post-production cure period (Dieterich et al., 1993) .
Limited and conflicting results exist in the literature concerning the presence of unreacted TDI remaining in FPF after it is incorporated into consumer products. Many of the studies employ solvent extraction and derivatization techniques, interpreting the extracted TDI as 'free TDI' available for inhalation and/or dermal exposure. However, the interaction of extraction solvents and derivatizing agents with components of the FPF may lead to detected TDI that is not, in fact, available as 'free TDI' in the foam matrix (E. Vangronsveld et al., unpublished data) . Because some of the TDI observed when foam is solvent extracted may be an artefact of the extraction process, measuring the emission of TDI to air from the foam, and the migration of TDI to a surface in contact with the foam, would appear to more appropriate methods to simulating human exposure to TDI from FPF.
Emission testing is commonly used in the evaluation of the propensity of various consumer products and building materials to introduce contaminants into the indoor environment. Although there appears to be a paucity of emission studies involving FPF in the literature, in one study, emission testing of a commercial foam 3 days postproduction showed no detectable TDI emitted (detection limit ~ 0.1 ppb v/v in air) (Hugo et al., 2000) . This study also included experiments where the foam was 'loaded' with TDI vapor to a level in the foam of ~1 ppm w/w followed by a repeat of the emissions testing; no TDI was detected emitting from the 'loaded' FPF either, leading the authors to conclude that any unreacted TDI in the foam would either bind to, or react with, the foam matrix and thus be unavailable for emission to air.
Evaluating the migration of substances from a product into a medium in contact with the product is common in food packaging safety assessment (Begley, 1997) . In a typical migration study, migration of monomers, catalysts, and additives into various food-simulating solvents in contact with packaging components under conditions simulating their use is conducted. In a similar manner, the potential for dermal exposure to a product component can be estimated by determining the migration of the component to a solid surface representing the skin that is in contact with the product surface. In one study (Krone et al., 2003) , researchers reported detectable quantities of solvent-extractable TDI (3-20 μg g −1 FPF) in all three of the FPF samples tested (which ranged in age from 1 to 30 years). In addition, that study used commercially available colorimetric isocyanate functional group indicator pads in contact with the FPF surface to qualitatively assess the presence of isocyanate functional groups, both in the foam and those which could be removed from the foam. The pads were wetted with acetone (a deviation from the instructions supplied by the manufacturer, which specified lightly wetting the surface to be wiped with mineral oil) and placed against the foam surface; colored species on the pad were interpreted as 'free isocyanates', whereas color in the foam was interpreted as 'bound/trapped isocyanates'. The pads were left on the foam surface for periods of 2 min, 10 min, 60 min, 8 h, and 24 h. In all three foams (1, 3, and 30 years old), the development of red color in the foam was noticeable after 60 min of contact, darker after 8 h, and darker still after 24 h. Commenting on the variability of color development with FPF age, the researchers noted that the older foams were more likely to give no or minimal response at 10 min of contact with the colorimetric pad, whereas showing color at 60 min of contact. This delayed color development time with aged FPF, coupled with the consistent color development in foams of all ages after 24 h of contact, suggests the possibility that the color developed may in fact result, at least in part, from degradation reactions of the solvent/indicator system with elements of the FPF structure to produce the isocyanate groups with which the indicator reacts. Because of the possibility of degradation artefacts and the semiquantitative nature of the colorimetric technique, a more objective quantitative assessment of TDI migration from FPF would be useful.
The present work was undertaken to develop and demonstrate testing techniques for determining the levels of TDI, which may be emitted or migrate from FPF.
MATEriAlS AnD METhoDS

Chemicals and model foam
The reagents and solvents used in this study were obtained from commercial suppliers and were HPLC grade or better. The derivatizing reagent used to stabilize and increase the analytical sensitivity of TDI was 1-(2-methoxyphenyl)-piperazine (MP; CAS 35386-24-4, molecular weight = 192, purity >98%), which was obtained from Aldrich.
A TDI-based, machine-produced FPF that was typical of the formulations used by FPF 'slabstock' producers was supplied by EUROPUR, the European association of FPF blocks manufacturers. The foam was made from a polyether with a styrene-acrylonitrile type polyol; it had an isocyanate index of 119 and a density of 21 kg m (Note: isocyanate index describes the amount of isocyanate used in terms of stoichiometric equivalents, with 100 indicating an amount equal to the theoretical stoichiometric amount. A 'high index' FPF formulation was selected for this study because it would be most likely to contain residual unreacted TDI.)
The foam was 2-12 months post-production when used for the various parts of the study. Because the emission testing was conducted several months after the migration testing, different master samples of the foam were obtained for each type of testing.
Foam samples were cut to sizes necessary for each test using a clean scalpel. The cut samples were wrapped in clean aluminum foil, placed in a low density polyethylene bag, and stored at ambient laboratory conditions until testing.
Emission test cells
Emission testing was conducted using three different test cells: the Field and Laboratory Emission Cell (FLEC®), the Micro-Chamber/ Thermal Extractor™ (μ-CTE™), and a customdesigned flow-through cell. The first two were chosen because they are widely used at commercial emission testing laboratories and compliant with standard emissions testing methods (e.g. ISO 16000-10, 2006; ASTM Standard D7143, 2011) . The flow-through cell was used because it is designed such that the airstream passes through the foam matrix rather than over the foam surface. The authors thought that this arrangement might provide the 'worst-case' estimate of emission because in the FLEC® and μ-CTE™ cells, the airstream passes over the foam surface only. The cells are described in detail below; a comparison of the characteristics of the cells is given in Table 1 .
FLEC® cell. The FLEC® cell is currently used for a wide variety of product emissions testing (Markes International, 2009a) . A number of investigators have shown the FLEC® cell to yield emission data that compares well with conventional large-scale chamber techniques (Markes International, 2009b) . The FLEC® cell is constructed of stainless steel and allows control of temperature, relative humidity (RH), and areaspecific air flow rates. It is designed to be used either as a laboratory emission test cell with the test sample placed in the bottom half of the cell (the configuration used in this work) or, by placing the top half of the cell on the flat surface of an article, to measure emission in the field (Wolkoff, 1996) .
The cell is circular with a diameter of 150 mm, providing a maximum test material surface area of 177 cm 2 and a swept air volume of ~35 ml. Air flow through the FLEC® cell was set at ~0.5 l min −1 during testing. Under these conditions, the mass of each foam sample was ~13 g and ~240 l of μ-CTE™ cell. The μ-CTE™ is constructed of stainless steel and allows control of temperature, RH, and area-specific air flow rates. It is designed to facilitate rapid screening of emissions; the temperature control unit houses six cells that can be used simultaneously. The μ-CTE™ meets the specifications for emission testing by method ISO 16000-25 (2011) and has been shown to yield emission data that compare well with conventional large-scale chamber techniques (Schripp et al., 2007) . Each μ-CTE™ cell is circular with a diameter of 45 mm, providing an exposed test material surface area of ~13 cm 2 . When loading the cell, spacers were added below the FPF sample so that the resulting swept air volume of the cell was ~3.2 ml. Air flow through each μ-CTE™ cell was set at 0.5 l min −1 during testing. Under these conditions, the mass of each foam sample was ~1.2 g and ~240 l of air passed over the foam and through the sample train during the 8-h test. For the μ-CTE™, six replicate samples were run because the model of the μ-CTE™ used consisted of six cells in an integrated system. Figure 2 shows a cross-section view of a μ-CTE™ cell as it was used for FPF emission testing.
Flow-through cell. The flow-through cell is a glass housing designed for holding 90-mm-coated glass fiber filters for sampling process vent emissions (US EPA, 2005). The cell was used in this study by placing cylindrical foam samples (90 mm diameter × 1 cm high) between the two halves of the housing where the filter is usually positioned (see Fig. 3 ). During testing, FPF samples completely filled the cross-section of the test cell so that the 1.5-1.7 l min −1 airstream passed entirely through the FPF test specimen. The mass of each foam sample was ~1.5 g and 560-720 l of air passed through the foam and sample train during the 8-h test. The sampling train was attached to the outlet of the cell using a short piece of PTFE tubing. Three replicate samples were run.
Migration test cell
Migration testing was conducted using the test cell and clamping apparatus from the EN-374-3 chemical glove permeation test method (CEN, 2003) . The FPF sample to be tested was cut into a cylinder 90 mm in diameter and 100 mm in height.
To load the test cell, a treated filter paper TDI migration collection system (described below) was placed in contact with both the top and bottom circular surfaces of the foam test sample. Aluminum support screens were added to the top and bottom of the foam/collection system assembly, and the locking nuts on the test cell were tightened evenly until the foam test sample was compressed by ~25% of its original height, i.e. resulting in a reduction in the height of the foam cylinder of ~25 mm.
The migration collection system was based on 90-mm glass fiber filters impregnated with MPderivatizing agent. PALL 90 mm GF type A/E, binder-free glass fiber filters (P/N 61664) were coated with 26 mg of MP by applying 2.6 ml of a solution containing 10 mg ml −1 MP in dichloromethane (DCM) to each filter and allowing them to air dry. Once dry, the filters were stored in a cool, dark place until used. Four MP-impregnated filters were stacked to make up one migration sample. In conducting a test run, four filter sample stacks were placed both on the top and bottom surface of the test foam; thus duplicate runs were conducted simultaneously. Figure 4a depicts the FPF sample/collection system assembly and Fig. 4b shows the closed test cell as used during the test.
Sampling and analysis of TDI
All TDI measurements were based on the UK Health and Safety Executive Method MDHS 25/3 (HSE, 1999), which is also known as ISO method 16702:2007 (ISO, 2007 , modified by the use of LC-MS as the analytical finish. The method involves derivatizing TDI with MP and analyzing the subsequent TDI-MP derivative using liquid chromatography. All of the various types of samples analyzed in this study consist of solutions of MP-derivatized TDI in toluene or DCM. Sample workup consisted of the addition of acetic anhydride to acetylate the excess MP, followed by evaporation of the sample to dryness @ 40°C under N 2 . The resulting residue was then dissolved in 1 ml CH 3 CN, which was then filtered using a 5 ml syringe with a 0.2 μm PTFE filter, transferred into an autosampler vial, and analyzed using a liquid chromatography/mass spectrometry technique (Vangronsveld and Mandel, 2003) . Details of the analytical system with representative conditions for the MP-derivative analysis are described below.
An Agilent 1100 series LC with an Alltech Alltima HP C18 HL 3 μ (2.1 mm internal diameter × 20 mm) column was used. A mobile phase consisting of 0.1% formic acid in water (Solvent A) and 0.1% formic acid in acetonitrile (Solvent B) was run at 0.3 ml min −1 using the following gradient program (%A:%B): @ injection-85:15, @ 2 min-80:20, @ 9 min-40:60, @ 11 min-20:80, @ 11.5 min-85:15; total run time = 18 min. An ultraviolet detector (254 nm) was used for real-time monitoring of the chromatogram. Retention times for 2,6-TDI and 2,4-TDI were 7.6 and 8.1 min, respectively. Sample injection sizes of 1 and 5 μl were used.
The 6-to 9-min segment of the LC chromatogram was analyzed with an Agilent ion trap MS using techniques, which have been described elsewhere (Vangronsveld and Mandel, 2003) . The [M+2] 2+ ion for each TDI derivative (e.g. m/z 280 for the MP-TDI derivative) was used for analysis in the multiple reaction monitoring mode. The system was operated in the normal mass range mode and employed an electrospray interface ion source operated in the positive mode. The nebulizer was operated at 50 lb in . The trap drive was set at 35. 6, and skim 1 and skim 2 voltages were 30.0 and −5.0 volts, respectively. Octopole RF (radio frequency) amplitude was 150.0 Vpp and the capillary exit potential was set at 100.0 volts. The scan range was 100-800 m/z with three spectra averaging and a maximum accumulation time of 150 ms. The integrated ion current (ICC) target was set at 30 000 and charge control was on.
Calibration was accomplished using the external standard technique. Calibration solutions of TDI derivatives were prepared in acetonitrile and serially diluted to required concentrations. Blank extracts were prepared by following the extraction process without an FPF sample in the extraction syringe. Analytical precision, bias, and overall uncertainty were estimated using the results of a control solution that was injected after every second sample. Analytical limits of detection (LOD) were calculated as three times the signal-to-noise ratio as measured in the lowest calibration standard. Limits of quantitation (LOQ) were calculated as three times LOD. TDI levels using a method involving syringebased multiple extraction of foam samples with a toluene solution of MP (E. Vangronsveld et al., unpublished data) . Extractable TDI levels were determined in triplicate using representative FPF samples of ~500 mg. Extractable TDI levels were also determined post-testing on the foam samples, which had undergone migration testing.
Solvent-extractable TDI determination. The model foam was characterized for extractable
Emission testing. The steps in the emission test, regardless of the test cell used, consisted of (i) installing a foam sample in the test cell, (ii) assembling the treated filter air sampling train (two polypropylene holders connected in series, each of which contained a 25 mm binder-free glass fiber filter coated with 2 mg of MP) on the airstream exit port of the test cell, and (iii) passing clean air (charcoal-filtered laboratory air or certified cylinder air at ~23°C and ~50% RH) through the test cell for 8 h at a flow rate appropriate for the cell being used.
At the end of the testing period, the treated filters from the air sampling train were retrieved and desorbed by placing each in a vial containing 2 ml of a 50 ug ml −1 MP solution in toluene.
Migration testing. The migration test was carried out for both 8-h and 24-h contact periods. For the tests, foam samples were cut into cylinders 90 mm in diameter and 100 mm in height using cutting tools, which had been cleaned and ensuring contact only with clean aluminum foil surfaces as described previously.
To begin a test, a foam sample was weighed, then loaded into the migration test cell with the MP-treated filter paper migration collection systems on either side as described earlier. The test cell remained in this condition for the duration of the testing period (8 or 24 h) at ambient laboratory conditions (~23°C, 50% RH).
At the end of the testing period, the cell was disassembled, the migration collection systems were removed from the top and bottom of the foam (each represented one replicate migration sample), and analyzed as described below. The foam sample was weighed, then wrapped in two layers of aluminum foil, and placed in a low density polyethylene bag for post-testing solvent-extractable TDI determination. Triplicate test runs (each consisting of two replicate samplers) were conducted for each of the two test period conditions. The individual filters in the migration collection system were desorbed and analyzed separately in order to ensure that any migrated TDI was trapped and derivatized before migrating to the outside surface of the filter assembly. Each of the four filters in each sample was transferred to a 40 ml glass vial and 25 ml of a solution of 90 µg ml −1 MP in DCM was added to the vial. After 2 h, 20 ml of the filter extract was placed in a fresh 40 ml glass vial and 600 μl of acetic anhydride was added to acetylate the excess MP. The sample extract solution was then evaporated to dryness @ 40°C under N 2 and the residue dissolved in 1 ml CH 3 CN for analysis.
The desorption efficiency for the workup of the MP-treated filters from the migration collection system was determined by spiking triplicate MP-treated filters with 100 μl of a freshly made solution of TDI in DCM (2.4 ng l −1 of each isomer, resulting in the addition of 240 ng of each TDI isomer to the filter). The filters were allowed to air dry for 15 min, then transferred to individual 40 ml glass vials, and worked up and analyzed as described earlier.
In addition, reference solutions were made (in triplicate) by spiking 100 μl of the TDI spiking solution into vials containing 25 ml of MPderivatizing solution, and blanks were prepared by spiking 100 μl of DCM onto triplicate filters. Workup and analysis of reference solutions and blanks was identical to that for spiked filters.
To establish the method detection limit (MDL), serial dilution of the DCM solution of 2.4 ng l −1 of each TDI isomer used to prepare the desorption efficiency spikes was carried out. This resulted in spiking solutions at concentrations of 1, 3, 5, and 10 ng of each TDI isomer per 100 μl of solution. For each concentration level, six replicate spiked filters and six replicate reference solutions were prepared, worked up, and analyzed as described for the desorption efficiency spikes.
To check the operation of the migration collection system, the transfer efficiency was determined for a spike of TDI on an aluminum foil surface. To accomplish this, two 10-cm square pieces of aluminum foil were spiked with 100 μl of a freshly made solution of 2.4 ng µl −1 of each TDI isomer in DCM (i.e. 240 ng of each TDI isomer was spiked). The spiked foil was allowed to air dry for 15 min after spiking. The test cell was then assembled as described earlier for migration testing, with the modification that the spiked aluminum foil sheets were placed between the foam surface and the first MP-treated filter in the migration collection system filter pack (the spiked side of the foil was placed toward the filters). The cell was then compressed and left for 8 h; workup and analysis was as described earlier for migration testing. Similarly, blank samples were prepared by spiking aluminum foil squares with 100 μl of DCM and proceeding as with the TDI-spiked aluminum foil. Blank and transfer efficiency tests were each carried out in duplicate cell runs, resulting in quadruplicate determinations because each cell run involved two migration tests.
rESulTS AnD DiScuSSion
Method detection limits
The MDLs were determined based on spiked samples according to established procedures (US EPA, 1986) . Analytical LOQs were 0.5 ng ml −1 of sample solution and 0.3 ng ml −1 of sample solution for 2,4-TDI and 2,6-TDI, respectively. MDLs are the analytical LOQs expressed in the units of the method result, in this study, mass of TDI per unit of exposed FPF surface area (ng cm ). MDLs for the extractable TDI method are ~10 ng TDI g −1 foam (10 ppb, w/w) for each TDI isomer (i.e. 2,4-TDI and 2,6-TDI).
For the emission tests, the different emission cells have different MDLs, reflecting the different characteristics of the cells. The MDLs for the FLEC® cell were 0.003 and 0.002 ng cm −2 for 2,4-TDI and 2,6-TDI, respectively. For the μ-CTE™ cell, the MDLs were 0.04 and 0.02 ng cm −2 for 2,4-TDI and 2,6-TDI, respectively. In the case of the flow-through cell, MDLs of 0.008 and 0.005 ng cm −2 for 2,4-TDI and 2,6-TDI, respectively, were determined. On the basis of FPF mass in the cell, the MDLs for the FLEC® cell were 0.04 and 0.03 ng g −1 for 2,4-TDI and 2,6-TDI, respectively. For the μ-CTE™ cell, the MDLs were 0.5 and 0.3 ng g −1 for 2,4-TDI and 2,6-TDI, respectively. In the case of the flow-through cell, MDLs of 0.4 and 0.2 ng g −1 for 2,4-TDI and 2,6-TDI, respectively, were determined.
In migration testing, the results of the filter spiking experiments using spiking solutions in the 1-10 ng TDI ml −1 range, the analytical LOQ was determined to be 10 ng TDI filter −1 (for each isomer). Expressed in terms of ng TDI cm −2 of FPF contacted, the MDL was (10 ng/63.9 cm 2 =) 0.16 ng TDI cm −2 (for each isomer); in terms of ng TDI g −1 of FPF contacted, the MDL was (10 ng/13.8 g FPF =) 0.73 ng TDI g −1 .
Emission of TDI from FPF
Conventional volatile organic compound emission testing of articles involves long-term determination of emission rates over time in large (e.g.
m
3 ) stainless steel or glass chambers. Such testing is quite expensive and takes a considerable length of time (weeks to months). Because of this, the use of small emission cells has become popular for much more rapid and inexpensive emission screening. In addition, small chambers afford the advantages of increased sensitivity and improved recovery of the less volatile compounds referred to as semi-volatile organic compounds (SVOCs) (Schripp et al., 2007) .
Two of the chambers used to measure emission in this study are commercially available cells that have been validated for use with emission cell standard methods (FLEC® and μ-CTE™) . The third emission cell (flow-through cell) took advantage of the fact that FPF is porous to the passage of air. It employed a glass filter holder as the test cell and the collection airstream for the emitted TDI passed through the FPF sample, rather than over the surface as in the other cells to maximize the collection of any TDI in the sample, which might be available for emission to air. If more TDI was available for emission to air in the heart of the foam, results with this cell would have been expected to demonstrate this.
The results of TDI emission testing with FPF using the three cell types are shown in Table 2 . For all replicates of all emission cell types, no emitted TDI was detected.
For comparison, determination of solventextractable TDI on samples of the same foam lot used for emission testing showed 56 ng total TDI g −1 FPF (Table 3) . If this mass of TDI had been emitted to the air during testing, it would have been detected because it would be at levels that are above the MDL. Taking the results for the FLEC® cell as an example, the mean mass of the foam sample in the FLEC® cell is 13.5 g, indicating that 756 ng TDI was potentially available in each foam sample to be emitted. At the FLEC® cell MDL of 0.04 ng g −1 FPF (the maximum of the isomer MDLs), a minimum detectable TDI mass of 0.5 ng can be estimated for an FPF sample size of 13.5 g. This result implies that <0.07% of the TDI measured by solvent extraction is available for emission to air. It seems reasonable to expect that at least a small fraction of the solvent-extractable TDI would be emitted to air if it was actually present as unreacted TDI molecules in the foam matrix.
One improvement to the emission testing method that should be considered is to include a rinse or wipe of the interior of the test cell following a test run. Because TDI is an SVOC and SVOCs may adsorb to emission cell walls to varying degrees, a rinse with a solution containing MP or a surface wipe with an MP-treated filter would be a good check for this. Although such a rinse or wipe was not included in the present work, validation studies done in the TDI air emission work reported by Hugo et al. indicate to the authors that little loss of emitted TDI to the emission test cell would be anticipated. In a manner analogous to the flow-through cell in the present study, the Hugo et al. work employed a large glass test chamber to hold a foam sample through which air was passed. The air exiting the chamber was subsequently passed through a filter sampler treated with an isocyanate-derivatizing agent. The validation work in that study included generating a controlled test atmosphere of TDI, passing it through the empty glass test chamber, and calculating a recovery based on the level of TDI recovered by the treated filter compared with that found in an analogous measurement of the exit of the generated test atmosphere. The mean TDI recovery found in these experiments was 73 ± 12% (n = 7). Further, in the validation recovery tests as well as when the TDI emission tests were run on actual foam samples, Hugo et al. included a rinse of the glass chamber walls with a solution containing diisocyanate-derivatizing agent; none of these rinses showed TDI above the detection limit (1.2 μg sample −1 )
Migration of TDI from FPF
The migration test was intended to represent the situation of skin contact with FPF as in the case, e.g. of a person sleeping on an FPF mattress with no mattress pad or sheets. As the collection system was intended to simulate human skin in contact with FPF, consideration was given during design of the collection system to what characteristics of the human skin environment were relevant to producing the highest transfer during migration. Wetting the collection system filters with distilled water or saline to simulate sweat was considered, but ultimately not done because it was thought that the presence of water might promote hydrolysis of any TDI that migrated to toluene diamine, which would not be detected as TDI by the analytical system used. The migration collection system consisted of a stack of four MP-treated filters, which were analyzed separately to ensure that that no migrated TDI went through the sampling filter pack. The migration collection system desorption efficiency determination showed a mean recovery of 84.4 ± 1.7 % for 2,4-TDI and 81.4 ± 5.6% for 2,6-TDI. There was no detectable TDI in the blank. These desorption efficiencies were taken into account in the calculation of migrated TDI results.
The migration transfer efficiency evaluation was conducted as a positive control quality assurance check on the test. There was no specification for the transfer efficiency value nor were the migration test results corrected using the transfer efficiency value. Rather, it was intended to demonstrate that, if there was TDI present on a surface, there would be reproducible transfer of some portion of it to the migration collection system in contact with it. In other words, the transfer efficiency exercise served as a sort of positive control on the migration collection system. Table 4 shows the results of the transfer efficiency determination. The mean transfer efficiency found in the experiments with the spiked aluminum foil surface was 63 ± 5% for 2,4-TDI and 76 ± 6% for 2,6-TDI. In all runs, TDI was only detected on the first filter of the four filter stacks (i.e. the one in contact with the spiked surface). There was no detectable TDI in the blank.
The mass balance of the TDI spiked on the aluminum foil surface was not determined. It is probable that there was some loss of TDI by evaporation during the time the spike solvent was allowed to evaporate from the aluminum foil. A wash of the aluminum foil following the transfer efficiency would have been helpful in determining this mass balance, but this was not done. Assuming some TDI loss to evaporation during drying, the actual transfer efficiency from aluminum foil would be higher than indicated by these results.
Results of all FPF migration test runs at both the 8-and 24-h test times were below the MDL (0.16 ng TDI cm −2 FPF contacted; 0.73 ng TDI g −1 FPF contacted). All foam samples demonstrated an increase in mass after testing (mean: 37 ± 4 mg; see Table 5 ). Presumably, this resulted from the transfer of some of the MP reagent from the treated filters to the foam surface during the compression period. Although migration of the MP reagent into the foam is a potential concern because it could reduce the migration of TDI by reacting with it at the foam surface, the relatively high transfer efficiencies found in the spiked aluminum foil study indicate that this is probably not a concern in practice. Table 6 shows the results of solvent-extractable TDI determinations. In two cases, the foams exhibited losses of extractable TDI during the migration study, whereas in one case a gain was observed. Because the pre-testing extractable TDI determinations were done on a separate (but apparently identical) FPF sample from the one tested, the high variation in these results indicates inhomogeneity in the foam (at least from a solvent extraction perspective). Interestingly, even though the foam samples appeared to vary widely in extractable TDI content and had measurable amounts of extractable TDI after testing, no TDI appeared to be available to migrate to a surface with which they were in close contact for a considerable length of time.
concluSionS
Effective and sensitive methods were demonstrated for determining emission of TDI to air from FPF and migration of TDI to a solid surface in contact with the foam surface. Work with a representative FPF that had detectable amounts of solvent-extractable TDI demonstrated no detectable emission or migration of TDI to air.
Of the three emission test methods used, the FLEC® cell had the lowest relative MDLs (by a factor of 3-10) by virtue of its high chamber loading factor. In addition, the FLEC® cell offers well-established conformity with emission testing standard methods.
Because the test conditions of the emission and migration tests as run in this study more closely model potential conditions of human exposure to FPF than do solvent extraction methods, data from the emission and migration test protocols discussed here would be a more relevant basis for exposure risk assessments than solvent extraction methods.
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